A new model is proposed to represent the solubility behavior of 14 amino acids and 5 small peptides in water. The UNIFAC model is combined with a Debye-Huckel term to describe the activity coefficients of the species present in the biomolecule/water system. New groups have been defined according to the group-contribution concept, and chemical equilibrium is taken into account simultaneously with the physical equilibrium. To estimate the new interaction parameters, molal activity coefficient data from the literature were used. These parameters, in addition to solubility data, were the basis for the correlation of the solubility product of the amino acids. Using this approach, satisfactory results were obtained in the representation and prediction of the solubilities of amino acids in aqueous solutions at different conditions of temperature and pH. Abstract published in Advance ACS Abstracts, March 15, 1994.
Introduction
Many valuable biochemicals are produced in reactors where the product concentration in a very complex mixture is very small. Therefore, the development of efficient methods for separation, concentration, and purification of biological products is of fundamental importance.
To design, optimize, and scale-up separation processes, the application of molecular thermodynamics is a useful tool. In the case of biotechnology, it is particularly important to focus the attention on the properties of aqueous systems containing salts and large, charged molecules (Prausnitz, 1989) . Although amino acids are among the simplest biochemicals, they have many similarities with more complex biomolecules such as antibiotics (Orella and Kirwan, 1991) and the study of their solubility in water is a good starting point for the understanding of biochemical systems.
The successful representation of the solubilities is directly related to the ability of correlating and predicting the activity coefficients of the amino acids in solution. In this way, several attempts have been made in the last few years: Nass (1988) has assumed the activity coefficients of amino acids to be a product of two terms due to chemical reaction equilibria and physical interactions using for this the Wilson equation (Wilson, 1964) , with Bondi's volume ratios (Bondi, 1968 ) as pure-component liquid volume ratios. Although the correlation results are satisfactory, they are limited to a few amino acids. The number of estimated parameters varies from 3 to 10. Chen et al. (1989) added two different contributions for the calculation of the excess Gibbs energy of the system: one is the result of the long-range interactions and was represented by a Pitzer-DebyeHuckel term (Pitzer, 1980) ; the other is due to local interactions and was formulated by a modified form of the NRTL equation (Renon and Prausnitz, 1968) with two adjustable energy parameters for each amino acidJwater pair. As the data were correlated, each amino acid separately, the results were very satisfactory, both for correlation of activity coefficients (mean deviation of 2 % ) and of solubilities (mean deviation < 1.8%).
More recently, Gupta and Heidemann (1990) tried to describe the activity coefficients of amino acids in water considering only short-range interactions, using the mod-ifiedUNIFAC model (Larsen et al., 1987) . Their definition * Author to whom all correspondence should be addressed.
oaaa-5aa519412~33-i34i~04.50/0 of groups is different from the usual, as they considered very large groups. The proline molecule for instance, was considered one group. In average, the results may be considered poor both for correlation and prediction.
In this work a new model for prediction of activity Coefficients of amino acidiwater and peptidelwater mixtures has been developed. The model combines chemical and physical equilibrium simultaneously. The original UNIFAC group-contribution method (Fredenslund et al., 1975) is used for the description of physical equilibrium. New groups have been defined and new parameters were estimated. The influence of pH and of temperature on the solubility for several amino acids has been examined with satisfactory quantitative and qualitative results. 
Model Development
(5) Greenstein and Winitz (1961) reported values of KD for amino acids and small peptides in the range 105-106. Thus, reactions 1 and 2 can be combined as follows: 
(6)
Reaction 6 indicates the dissolution of a biomolecule, forming a neutral dipolar species called a zwitterion, carrying dual electric charges. The participation of the zwitterion in acid-base reactions to form amino acid anionic or cationic species is shown by eqs 3 and 4. It is worthwhile to mention that some amino acids have more than one cationic species, such as arginine and lysine, or more than one anionic species, like tyrosine and aspartic acid (Bohinski, 1987) . However, in this study only molecules with two acid-base reactions were considered. The equilibrium constants for these reactions are given as follows:
K, = aAAI 
where yf is the molal unsymmetric activity coefficient, and mi is the molality of species i. The equilibrium constant K, is in this work considered to be an adjustable parameter. The small influence of the difference in standard states between reaction 1 (system pressure) and reaction 2 (standard pressure) is therefore incorporated into K,. In eq 7 it is also assumed that we are in the presence of a pure solid.
As can be seen in Figure 1 , in isoelectric solutions, at which the isoelectric point is defined by PI = pH = (pK1 + pK2)/2, neutral dipolar species are predominant, but for pH much higher than PI, the anionic aminoacid species become predominant, while cationic species are dominant at values of pH much smaller than PI.
From the above equations it is evident that for the successful representation of solubilities and their dependence with pH and temperature it is necessary to be able to represent accurately the activity coefficients of the different species in the solution. However, this is not an easy task. Besides the powerful electric fields surrounding the charged groups that give rise to important long-range interactions and in a certain way make amino acids and peptides behave as strong electrolytes (Cohn et al., 1934) , the influence of the hydrocarbon chain must also be taken into account.
To represent these interactions, a semiempirical model is proposed. The model is based on the assumption that the excess Gibbs energy of the system is a linear combination of two terms:
From eq 12 the molal scale unsymmetric activity coefficient for ionic species can be derived as
The combinatorial (yfvc) and residual (yt,R) terms for *,DH In 7; = In y; gc + In y;vR + In yi short-range interactions are calculated using the original UNIFAC method, with the correction in the combinatorial term for very dilute solutions (Kikic et al., 1980) . Groups already available on UNIFAC VLE parameter tables (Gmehling et al., 1982; Macedo et al., 1983; Tiegs et al., 1987; Hansen et al., 1991) have been used, and when necessary, new groups have been defined according to the group-contribution concept. As we used the unsymmetric convention and molality scale for the activity coefficients, some conversions had to be made. Thus, the calculation of activity coefficients at infinite dilution by means of UNIFAC was necessary to convert calculated values from mean rational symmetric (7:) to mean rational unsymmetric activity coefficients (y;*):
Conversion between mole fraction scale (yfJ) and molal scale activity coefficients (yf) was made using an expression derived by Robinson and Stokes (1965) :
where MA is the molecular weight of the solvent and the summation is to be made over all the solute species.
The Debye-Hackel approach presented in eq 13 as yfiDH (Robinson and Stokes, 1965 ) was used to represent the long-range interaction forces. This term, expressed in eq 16, computes solution ionic strength (I) from the net charge of the species, and therefore, for a zwitterion this term is zero. In this case, no conversions were necessary. where I = 0 . 5 x m i z ?
a is the Debye-Huckel distance of closest approach of ions, t is the dielectric constant of the solvent, ds is the density of the solvent, T is the absolute temperature in Kelvin, and z is the charge number of the ion. B = 1.590 X 10" ds0.5/(d71'2
Correlation and Prediction of Activity Coefficients
Experimental and Physical Data. Hutchens (1976) compiled the molality scale unsymmetric activity coefficient data of amino acids and small peptides in pure water at 25 "C. The original measurements on osmotic coefficients and the subsequent conversion to activity Coefficients were made by Smithand Smith (1937 Smith ( ,1940a , Hutchens et al. (19631, and Ellertonet al. (1964) . Relevant information from the experimental data collected is shown in Table 1 .
Dissociation reaction equilibrium constants K1 and KZ
and their variation with the temperature have been measured by several authors. The data used in this work were found in the CRC Handbook of Chemistry and Physics (Izatt and Christensen, 1973) and King (1951) .
New UNIFAC Groups. As discussed earlier ( Figure  1 ) the zwitterionic species are predominant in pure water. Thus, we have defined new charged groups to describe accurately the components in the solution. A new group C=O, was also defined to represent peptide bonding. In the formulation of new groups, we used a similar strategy, as previously adopted for groups already available on UNIFAC tables, and tried to use those groups whenever possible. Table 2 summarizes the new groups and subgroups defined as well as the UNIFAC size parameters, which were determined using Bondi area and volume parameters (Bondi, 1968) .
In the calculation of activity coefficients, solution chemistry was explicitly taken into account, since further studies on the influence of pH on solubility requires the knowledge of y* for the anionic and cationic species. Unfortunately, the available data do not include these conditions, and to represent local interactions, an assumption had to be made: that UNIFAC groups which constitute the anionic and cationic species are the same as those of the zwitterion. The relevant groups of all amino acids and peptides (their zwitterionic form) studied are shown in Table 3 .
Parameter Estimation and Results. To estimate the model parameters, a modified Levenberg-Marquardt method (Levenberg, 1944;  Marquardt, 1963) was used to minimize the following objective function:
where yb refers to the zwitterion activity coefficient and calc and exp mean calculated with the model and experimental, respectively. In the process minimization, the distance of closest approach on the Debye-Hiickel theory was set equal to 4 A, and only new UNIFAC interaction parameters were obtained. An algorithm of the method can be seen in Figure 2 , where the different convergence criteria used are shown.
Seventeen data points available from alanine and glycine (Hutchens, 1976) were used to estimate four energy parameters between the groups COO-, CNHs+, CH2, and HzO. The determination of the interaction parameters between the new above-mentioned groups and OH was carried out using data for serine (Hutchens, 1976) . In this case, we concluded that the best results were obtained when the interaction parameters for OH/COO-and OH/ CNH3+ were set equal to the interaction parameters for COO-/OH and CNHs+/OH, respectively. Data for proline and hydroxyproline were also regressed together to estimate the parameters OH/CNHz+, CNHz+/CH2, HzO/ CNH2+, and CNH2+/H20. The two last ones were set equal during the calculations. Finally, the minimization process applied on the available experimental data for alanylalanine and glycylalanine allowed the estimation of the group parameters H20/CO, CNH/CNH3+, CNH/CO, CNHs+/CNH, and CO/H20.
All the other relevant parameters were fixed. They were all given the same value (5000), because it turned out during the minimization that this value gave the best representation of the activity coefficients of the systems studied. 3 and 4 it is possible to observe the quality of the correlations. They are all of good quality. Table 5 summarizes some of the information of both correlation and prediction, and a comparison is given with the results of Chen et al. (1989) and Gupta and Heidemann (1990) . The root mean square deviation (rmsd) values for correlation are quite satisfactory, and in the majority of the cases the deviations are even smaller than those calculated by Chen et al. (1989) , who only correlated one amino acid or one peptide a t a time. The results of Gupta and Heidemann (1990) seem to deviate more than our results even though both works are based on the UNIFAC groupcontribution method and have the same number of parameters regressed.
Table 5 also shows the infinite dilution activity coefficients that arise from the minimization procedure. Unfortunately, we did not find any experimental data to compare with the estimated values; however, they seem to be quite reasonable.
The prediction results require some attention: the rmsd values calculated are much higher than the ones obtained for correlation. Nevertheless, they are about the same order of magnitude as the values obtained by Gupta and Heidemann (1990) . For the prediction of the activity coefficients of valine, aminobutyric acid, and aminovaleric acid an incorrect slope was calculated for all the cases, withy* decreasing with increasing molality, while the data show the opposite trend. Figure 5 shows, for aminobutyric acid and glycylglycine, the predicted curves of activity coefficients.
Interactions between methyl groups and the new charged groups are not important, since all parameters have high values. The three amino acids already mentioned are obtained from alanine by addition of methyl groups (see Table 3 ), and the introduction of CHdH20 interaction parameters is very important, suggesting the study of the effects of the addition of methyl groups on the activity coefficients of hypothetical mixtures of n-alkanes and water. Surprisingly, a deep decrease of y* with molality is observed. In some way, these results tend to show that the interaction parameters between CH2 and H2O (Tiegs et al., 1987) are not the best to represent the behavior of solutions of this kind. Moreover, difficulties arise in getting good correlations using amino acids with a long hydrocarbon chain, which support our point. However, as we want to maintain the group-contribution concept, no reevaluation of that pair of parameters was tried for our specific case. The same observations are valid for the other predictions.
Temperature Dependence of the Solubilities
In this work the solubility data is represented by regressing the thermodynamic solubility constant of eq 7 in the form:
b
In K, = a + T+ c In T where a, b, and c are parameters.
Hutchens (1976) compiled the solubilities of amino acids between 0 and 100 "C. However, original experimental data from Dalton and Schmidt (1933) and Dunn et al. (1933) cover only the temperature range between 0 and 75 OC. The known values of solubility above this temperature were obtained by extrapolation of the correlated curve.
To regress the coefficients of eq 21, only experimental and interpolated values of solubilities between 0 and 75 OC were used. The objective function used for this purpose with S being the solubility in g/kg of water. The fitted parameters are listed in Table 6 , and the quality of the regression for some amino acids can be seen in Figures 6 and 7 . These figures also show the predicted solubilities with our model a t temperatures above 75 OC and the extrapolated solubilities from the experimental datagiven by Hutchens (1976). Some results related with those predictions are shown in Table 7 . It is possible to verify big discrepancies between predicted and extrapolated values for glycine, dl-serine, and dl-valine at 100 OC, but on average the errors are not large (<5.9% ). For glycine the model predicts a maximum solubility ( Figure  6) while extrapolated values show linear increase in the solubility up to 100 OC. It would be nice to see what is the experimental curve in that zone. Although the results are good, some aspects deserve attention: (i) Extrapolations had to be made both on temperature and composition. The temperature range is 0-100 oC, while the UNIFAC parameters were estimated from experimental data a t 25 "C only. As regards composition, for almost all amino acids, maximum molality is now much higher than the maximum molality of experimental data on activity coefficients (Table 1) 
. (ii)
The model was used indifferently to d, I, and dl forms of amino acids, since UNIFAC does not differentiate optical isomers.
Finally, it is important to mention that the reaction equilibrium constants of eqs 8-10 were considered functions of temperature (King, 1951 ; Robinson and Stokes, 1965 ; Izatt and Christensen, 1973) .
pH Influence on the Solubility of Amino Acids
Studies of solubility dependence on pH are intimately related with the consideration of equilibrium reactions 3-6 in the solution. Thus, the activity coefficient model and the results from solubility correlation were used to estimate solubilities at different conditions of pH.
In Figure 8 a comparison between solubilities of glycine a t 25 "C at different pH values predicted by the model and from experimental data (Needham et al., 1971 ) is given. The quality of the predictions shown are better than expected: In the experimental work it was necessary to add a strong electrolyte (acid or basic) to fix the pH at the required value, and of course the electrolyte gives rise to new important interactions between the molecules, as can be seen in the works of Schrier and Robinson (1974) and Briggs et al. (1974) . Figure 9 shows predicted curves of solubility as a function of pH at different temperatures for some amino acids. They are similar to the experimental curves obtained by Dalton et al. (1930) for diiodotyrosine at three temperatures, showing the same type of behavior as we change from one temperature to the other. It is also possible to identify the predicted minimum solubility at the isoelectric point with the invariant solubility bands on both sides of it. The predicted bands at 25 "C are inside the range of 2-3 pH units on either side of the isoelectric point, as indicated in the works of Needham et al. (1971) and Zumstein and Rousseau (1989) .
Conclusions
A new model combining chemical equilibria with a UNIFAC-Debye-Huckel approach to describe physical equilibria has been developed for the correlation and prediction of activity coefficients. New charged groups have been defined, taking into account the charges in the zwitterionic, the anionic, and the cationic species of amino acids. The results for correlation are in a very good agreement with experimental data, while for predictions the model must be used with caution, since the average rmsd is large.
The model provides good results for the correlation of the solubility, and a comparison between calculated solubilities with the model and the extrapolated values from the experimental curve shows good agreement.
Since studies of pH influence on the solubility are extremely dependent on the correlation of solubilities, care must be taken at temperatures higher than 75 "C. However, estimated bands of constant solubility at different temperatures seem to be very reasonable for all amino acids studied.
Finally, we want to stress a point already emphasized in this work the available data are scarce and old, which may introduce some doubts in the obtained results. Therefore, experimental work to verify and improve the results is most welcome. Nomenclature A = solvent A = Debye-Hiickel parameter (mo14.s kgO.6) AA = amino dcid or peptide AA+ = amino acid or peptide cation AA-= amino acid or peptide anion AA* = zwitterion a = solubility constant in eq 21 a = activity; UNIFAC binary interaction parameter ( K ) a = Debye-Htickel distance of closest approach of ions (m) B = Debye-Hiickel parameter (mo14.6 kp0.6 m-9 b = solubility constant in eq 21, K c = solubility constant in eq 21 F-= objective function (eq 22) G*,E = unsymmetric excess Gibbs energy Z = ionic strength (mol/kg of solvent) K = thermodynamic chemical equilibrium constant KD = ratio of zwitterion to uncharged forms of amino acids K, = ionic product of water K, = thermodynamic solubility constant for zwitterion k, = 
